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The strength and deformation capacity of concrete frames is typically governed by their nodal regions
behaviour. This is particularly relevant for frame corners subjected to opening bending moments, where
premature brittle failures may develop depending on the reinforcement arrangement. Although some
previous investigations have shown a signiﬁcant dependence of the nodal regions behaviour as a function
of the corner angle (a, measured between frame axes), most research has concentrated on orthogonal cor-
ners (a = 90). However, design recommendations obtained for orthogonal corners may not be directly
applicable (neither optimal) for other corner angles, and particularly for larger corner angles. In this
paper, the result of an experimental and theoretical investigation on frame corners with a corner angle
(a = 125) is presented. Sixteen tests were performed on 400-mm thickness specimens representative
of actual frame corners subjected to opening bending moments. The experimental results are investi-
gated by means of Elastic–Plastic Stress Fields and strut-and-tie models leading to a number of recom-
mendations for their design in practice.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
A large number of RC structures present regions of discontinuity
where beam theory is not suitable for design of the reinforcement
[1]. This is for instance the case of nodal regions of frames, stairs,
cut-and-cover tunnels, retaining walls, silos or folded structures
(refer to Fig. 1). The behaviour of nodal regions is highly dependent
on the reinforcement arrangement which ensures the transfer of
inner forces and typically governs the strength and deformation
capacity of the structure [2]. The use of suitable reinforcement
arrangements is thus instrumental for the overall structural behav-
iour and many research efforts have been devoted in the past to
this topic. For corner frames, these researches have most focused
on members subjected to closing (Fig. 2a) or to opening corners
(Fig. 2b). Research has been founded on experimental works
[3–27] and some design approaches have been proposed on their
basis, mostly based on lower-bound solutions of the theory of plas-
ticity (strut-and-tie modelling [1,28,29], refer to Fig. 2c, or stress
ﬁelds [29–31], refer to Fig. 2d) as well as grounded on ﬁnite ele-
ment modelling [32–34]. The strength and deformation capacity
of nodal regions of reinforced concrete frames has also been a topic
of investigation related to the cyclic (seismic) behaviour of frames.
A detailed state-of the-art on this matter can be consulted
elsewhere [35–37].1.1. Behaviour of orthogonal nodal regions
Most existing tests [3–27] on nodal regions of frames have been
performed on orthogonal geometries (a = 90). Fig. 2e and f show
the mechanical performance of the nodal regions (subjected to
closing or to opening bending moments respectively) by means
of the ratio between the bending moment at failure (MR) and the
theoretical bending strength (Mﬂex) calculated according to the the-
ory of plasticity:Mflex ¼ q  b  d2  fy  1 q  fy2  fcp
 
ð1Þ
where q refers to the geometrical reinforcement ratio (cross-sec-
tional area of the reinforcement divided by the width and effective
depth of the section), fy refers to the yield strength of the reinforce-
ment and fcp to the plastic strength of concrete (fcp = fcgfc, where fc
is the compressive strength of concrete measured in cylinder and gfc
a brittleness factor [29,30]: gfc = (30/fc [MPa])1/3 6 1).
A relatively quite large scatter on the results is observed (refer
to Fig. 2e and f). This is due to the signiﬁcant inﬂuence of the rein-
forcement layout on the overall behaviour (detailed analyses for
each reinforcement detail will be commented later). For specimens
with large amounts of secondary reinforcement [18,26] or with
signiﬁcant hardening of the ﬂexural steel, the measured strength
may be larger than the calculated bending strength as only the
principal ﬂexural reinforcement of the nodal region is accounted
Nomenclature
As cross-sectional area of ﬂexural bars
Aswn cross-sectional area of transversal reinforcement in the
nodal region
b width of the member
d effective depth of the member
Fc force in the compression chord
Fc1, Fc2, Fc3 force in inclined compression struts (refer to the pre-
sented strut-and-tie models)
Fs force in the tension chord
Fw half the force in the transversal reinforcement in the no-
dal region
fc compressive strength of concrete (measured in cylinder)
fcp compressive plastic strength of concrete
fct tensile strength of concrete (measured in cylinder)
fy yield strength of ﬂexural reinforcement steel
fyw yield strength of transversal reinforcement steel
fywn yield strength of steel transversal reinforcement steel in
the nodal region
h height of the member
M bending moment
MEPSF bending strength predicted by Elastic–Plastic Stress
Fields method
Mﬂex bending strength
MR bending moment at failure
MD0 bending moment acting in the specimen corresponding
to a signiﬁcant change on the stiffness of the member
MD20 bending moment acting in the specimen corresponding
to an increasing of the relative rotation wrel = 20 mRad
from the point corresponding to MD0
Q applied load
swn length of the diagonal of the nodal region
wavg average crack width in the nodal region
wmax maximal crack width in the nodal region
z lever arm of the inner forces
a corner angle
d vertical displacement
gfc brittleness factor
n ratio of the tension force Fs deviated by the ﬂexural rein-
forcement
q Geometrical reinforcement ratio q = As/(bd)
qwn Geometrical reinforcement ratio of the nodal region
qwn = Aswn/(bswn)
wrel relative rotation of the nodal region
S. Campana et al. / Engineering Structures 51 (2013) 200–210 201on the analyses and the hardening properties of the steel are ne-
glected. Nevertheless, some clear trends can be observed:
– The efﬁciency of the nodal regions decrease for increasing
amount of reinforcement. This is justiﬁed because larger
amounts of reinforcement imply larger inner forces to be devi-
ated within the nodal region.
– The behaviour observed for closing corners is generally satisfac-
tory (at least for moderate to low values of mechanical rein-
forcement ratio: qfy/fcp). In these cases, the inner forces
(Fig. 2c) can be deviated in an efﬁcient manner [29] with devel-
opment of a CTT node (tension chords in equilibrium with an
inclined compression strut) and a CCC node (only compression
struts at the node).
– On the other hand, opening corners perform in general worse
than closing corners for the same amount of mechanical rein-
forcement ratio. Their behaviour is highly inﬂuenced by the(a) (b)
(f)(e)(d)
Fig. 1. Examples of RC structures with nodal regions subjected to opening and closing b
wall; (e) cut-and-cover tunnel; (f) silos; and (g) folded structure.detailing of the CCT nodes [29] (Fig. 2d, one tension chord in
equilibrium with two compression struts). This justiﬁes the sig-
niﬁcantly large scatter of test results (Fig. 2f), with rather sensi-
tive performances depending on the anchorage conditions
(development, mechanical devices, etc.) and on the presence
or not of a reinforcement to control crack widths developing
through the diagonal compression struts of the nodal region.
A more detailed analysis of the results for the opening corners
as a function of the reinforcement layout is shown in Fig. 3. Five
reinforcement arrangements are considered for the ﬂexural bars
(A to E, refer to Fig. 3b and f respectively) as well as four for the
secondary reinforcement arrangements (a–d):
– In comparison to Fig. 2f, the scatter of the results is reduced for
each reinforcement layout (ﬂexural and secondary) although it
is still signiﬁcant.(c)
(g)
ending moments: (a) concrete frame; (b) stair; (c) multi-store frame; (d) retaining
Fig. 2. Behaviour of RC nodal regions. Typical crack pattern, strut-and-tie models and stress-ﬁelds for: (a and c) closing moment; and (b and d) opening moment; and test
results [3–27]; (e) for closing moments (94 tests) and (f) for opening moment (230 tests).
Fig. 3. Test results [3–27] for orthogonal nodal regions subjected to opening moments as a function of the reinforcement layout: (a) ﬂexural and secondary reinforcement
layouts; (b) ﬂexural reinforcement type A (68 tests); (c) type B (27 tests); (d) type C (37 tests); (e) type D (67 tests); and (f) type E (31 tests).
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the addition of a secondary reinforcement for crack control or
for deviation of compression struts.
– The best performances are in general obtained for ﬂexural rein-
forcement layouts D and E (Fig. 3e and f). These solutions are
nevertheless difﬁcult to be used in practice due to the bents
and hooks required for the ﬂexural bars.
– The worst performances are in general obtained for the ﬂexural
arrangement type C (ﬂexural bars developed in the compression
chords [29], Fig. 3d), which is however, very simple to be
arranged in practice. Also, very poor performances are obtained
for detail Aa (continuous ﬂexural reinforcement without sec-
ondary reinforcement, Fig. 3b).
1.2. Behaviour of non-orthogonal nodal regions
In contrast to the large amount of tests performed for orthogonal
nodal regions, amore limited amount of tests [3–5,11,20] have been
performed for other values of the nodal angle and in all cases for
members with low thicknesses (lower than 200 mm, which may
overestimate the strength of thick members in case the tensile
strength of concrete is governing). However, such geometries are
frequently found in practice, normallywith larger values of such an-
gle (a > 90, refer to Fig. 1) and in many cases for thicker members.
The available results (refer to Fig. 4) show that all of the previ-
ous conclusions for orthogonal nodal regions are not directly appli-
cable to other angles of the nodal regions. For instance,
reinforcement details type C and D (where tests are available)
show minimum performance for corner angles in between 90
and 120 (refer to Fig. 4c–e), but these details can be reasonable
and justiﬁed in other cases (larger or smaller corners angle). On
the contrary, other conclusions (as the positive inﬂuence of arrang-
ing a secondary reinforcement or the poor performance of mem-
bers with high mechanical reinforcement ratio) are still
applicable (refer to Fig. 4a and b).
It is to be noted that the available tests show an increased (and
satisfactory) performance of detail type C for larger values of the
nodal region (a > 90). This detail is simple to be built but wasFig. 4. Test results [3–5,11,20] for nodal regions subjected to opening moments: (a) as a
reinforcement type C (12 tests); (b) type D (23 tests); (d) as a function of the nodal regfound to be mechanically unsatisfactory for orthogonal geometries.
However, for larger nodal region angles, it can be considered as an
interesting solution for construction and from a mechanical point
of view. In this paper, the possibility of using such reinforcement
arrangement (type C) in combination with a secondary reinforce-
ment is investigated by means of a speciﬁc test series. The results
conﬁrm the pertinence of this approach. On this basis, a design
method is proposed by using lower-bound solutions of the theory
of plasticity (stress ﬁelds and strut-and-tie models).
2. Experimental programme
The experimental programme described below continues a pre-
liminary research performed by the authors on the behaviour of
nodal regions. The results of the preliminary research are pre-
sented elsewhere [39] and showed the problematic behaviour of
TTT nodes [29] (nodes where only tension ties are linked) that
were therefore avoided in the present testing programme.
2.1. Specimens
A total of sixteen specimens with a nodal angle a = 125 were
tested presenting various reinforcement details. All specimens
were investigated under pure bending conditions in the nodal re-
gion (by using a four-point bending test setup, refer to Fig. 5a).
The cross-section was identical for all members (300-mm width
and 400-mm height) as well as the nominal reinforcement ratio
(q = 0.7%, corresponding to two 22-mm diameter bars). The nomi-
nal concrete cover for the ﬂexural reinforcements was 29 mm,
leading to a nominal effective depth d = 360 mm. Continuous com-
pression reinforcement (2 bars 22-mm diameter) bent in the cor-
ner region and sufﬁcient stirrups to avoid shear failures outside
the investigated region were provided for all specimens (Fig. 5b).
With respect to the ﬂexural reinforcement, four different layouts
were investigated corresponding to details B, C and two alterna-
tives for layout D (named D1 and D2 in the following), see Fig. 5c.
These details were used alone or in combination with a secondary
reinforcement (details a, b and c1 to c5, Fig. 5d) and/or transversalfunction of the mechanical reinforcement ratio for non-orthogonal specimens and
ion angle for reinforcement type C (50 tests); and (c and e) type D (97 tests).
(a)
(b)
(c) (d)
(e)
Fig. 5. Experimental programme: (a) test setup; (b) compression reinforcement and
stirrups; (c) ﬂexural reinforcement layout; (d) secondary reinforcement; and (e)
transversal reinforcement.
204 S. Campana et al. / Engineering Structures 51 (2013) 200–210reinforcement in the nodal region (types i to iii, Fig. 5e). More de-
tails concerning the investigated reinforcement layouts (area, posi-
tion, diameter and bend radius of reinforcements) are given in
Fig. 6 and Table 1.
The 16 specimens were tested within two series investigating
the following aspects:
– The ﬁrst series (refer to the left hand-side column of Fig. 6) was
tested to investigate the performance of the ﬂexural reinforce-
ment layouts (specimens SC22, 26, 30, 34). Four additional
specimens were also tested to investigate the inﬂuence of plac-
ing an additional straight ﬂexural reinforcement (type b, speci-
mens SC23, 27, 31, 35).– The second series (refer to the right hand-side column of Fig. 6)
was also composed of eight specimens and was tested to iden-
tify the inﬂuence of the various secondary (transversal) rein-
forcement arrangements on the performance of the nodal
regions. This research concentrated only on type C ﬂexural rein-
forcement, which was selected as the best synthesis between
constructability and potential mechanical performance when
a transversal reinforcement is provided (refer to Fig. 3d).
2.2. Material properties
The specimens were cast in 2 batches with normal strength
concrete. Its compressive strength fc at the time of testing ranged
between 40.5 and 42.1 MPa for specimens SC22 to SC35 and
between 30.8 and 31.3 MPa for specimens SC38 to SC45 (refer to
Table 1). The tensile strength of concrete fct was obtained by direct
tension tests (on cylinders with a diameter of 160 mm and a height
of 320 mm) and was measured after 28 days (Table 1). The
maximum aggregate size of concrete was 16 mm. The longitudinal
reinforcement (2 bars diameter 22 mm) was hot-rolled steel with a
well-deﬁned yield plateau (fy) ranging between 500 and 515 MPa.
The secondary reinforcement (diameters 10, 12 and 14 mm) was
cold-worked with a nominal (0.2% residual strain) yield strength
between 555 and 575 MPa. For details on each specimen, please
refer to Table 1.2.3. Test setup
The same test setup was used for all specimens; see Fig. 5a. The
simply supported specimens were loaded under four-point bend-
ing. The size of all loading plates was 300  150  20 mm
(Fig. 5a). The central span (distance between the two inner sup-
ports axes) was 1920 mm, and the loads (Q) were applied at
1250 mm of each support (Fig. 5a). Horizontal movements were
possible at the loading points. The two supports allowed rotations
and once of them the horizontal sliding. The investigated region of
the specimens was situated within the central zone (where the
bending moment was constant and no shear force was acting).2.4. Measurements
Systematic measurements were performed for all specimens in
the investigated region (Fig. 5a):
– Vertical displacements (d) measured by means of displacement
transducers.
– Strains at concrete surface were recorded at the level of the ﬂex-
ural bars by means of omega-shaped gages.
– Six inclinometers recorded the nodal region relative rotation
(wrel).
– Photogrammetric measurements were performed on one side of
the specimen to track the development of cracks and their
widths during testing.
3. Discussion of test results
Fig. 6 include a sketch of the reinforcement layouts and the ob-
served crack pattern at failure (maximal load) for all specimens.3.1. Performance of the reinforcement layouts
A number of parameters are used in the following to assess the
performance of the various reinforcing details (see values in Table
1 and Fig. 6):
Fig. 6. Reinforcement layouts and observed crack patterns.
S. Campana et al. / Engineering Structures 51 (2013) 200–210 205
Ta
bl
e
1
M
ai
n
pr
op
er
ti
es
an
d
re
su
lt
s
fo
r
te
st
ed
sp
ec
im
en
s.
Sp
ec
im
en
R
ei
n
f.
la
yo
u
t
(F
ig
.6
)
d
(m
m
A
s
(m
m
2
)
A
sw
n
(m
m
2
)
q
f y f cp
(–
)
q
w
n
f y
w
n
f c
p
(–
)
f c
(M
Pa
)
f c
t
(M
Pa
)
f y
(M
Pa
)
f y
w
n
(M
Pa
)
f y
w
(M
Pa
)
M
ﬂ
ex
(k
N
m
)
M
R
(k
N
m
)
M
R
M
fle
x
(–
)
M
D
20
M
D
0
(–
)
w
m
ax
(m
m
)
w
av
g
(m
m
)
M
E
P
SF
(k
N
m
)
M
R
M
EP
SF
(–
)
SC
22
C
ai
35
1
76
0
–
0.
10
1
–
40
.5
3.
63
51
5
–
–
13
0.
5
47
.3
0.
36
0.
00
0.
8
0.
1
30
.0
(1
.5
8)
a
SC
23
C
bi
35
1
76
0
–
0.
10
0
–
41
.1
3.
63
51
5
–
–
13
0.
5
62
.2
0.
48
0.
00
0.
7
0.
1
37
.5
(1
.6
6)
a
SC
26
D
1a
i
35
9
76
0
–
0.
09
7
–
41
.9
3.
63
51
5
–
–
13
3.
7
10
7.
6
0.
80
0.
00
2.
9
0.
3
11
7.
5
0.
92
SC
27
D
1b
i
35
5
76
0
–
0.
09
9
–
41
.6
3.
63
51
5
–
–
13
2.
1
12
3.
6
0.
94
0.
00
2.
5
0.
4
12
7.
5
0.
97
SC
30
D
2a
i
35
4
76
0
–
0.
09
8
–
42
.0
3.
63
51
5
–
–
13
1.
8
57
.8
0.
44
0.
78
4.
3
0.
3
10
7.
5
(0
.5
4)
b
SC
31
D
2b
i
35
9
76
0
–
0.
09
7
–
41
.7
3.
63
51
5
–
–
13
3.
7
11
8.
6
0.
89
0.
91
5.
0
0.
5
12
7.
5
0.
93
SC
34
B
ai
35
1
76
0
–
0.
10
0
–
41
.4
3.
63
51
5
–
–
13
0.
6
11
3.
5
0.
87
1.
01
5.
6
0.
3
10
7.
5
1.
06
SC
35
B
bi
35
1
76
0
–
0.
09
9
–
42
.1
3.
63
51
5
–
–
13
0.
6
13
4.
0
1.
03
1.
04
1.
5
0.
3
12
7.
5
1.
05
SC
38
C
c1
ii
36
0
76
0
45
2
0.
11
4
0.
03
5
31
.3
2.
53
50
0
55
5
56
8
12
9.
0
11
0.
3
0.
85
0.
00
3.
2
0.
2
11
2.
5
0.
98
SC
39
C
c1
ii
i
35
7
76
0
60
9
0.
11
6
0.
04
7
31
.1
2.
53
50
0
55
5
56
8
12
7.
9
10
8.
7
0.
85
0.
00
3.
4
0.
4
12
2.
5
0.
89
SC
40
C
c2
ii
36
1
76
0
61
6
0.
11
5
0.
04
8
30
.9
2.
53
50
0
56
0
56
8
12
9.
4
10
5.
9
0.
82
0.
00
2.
8
0.
3
12
5.
0
0.
85
SC
41
C
c2
ii
i
36
3
76
0
77
3
0.
11
4
0.
06
0
30
.9
2.
53
50
0
56
0
56
8
13
0.
1
13
1.
8
1.
01
1.
03
1.
9
0.
2
12
7.
5
1.
03
SC
42
C
c3
ii
i
35
8
76
0
78
5
0.
11
5
0.
06
3
31
.0
2.
53
50
0
57
5
56
8
12
8.
2
12
7.
3
0.
99
1.
05
2.
3
0.
2
12
7.
5
1.
00
SC
43
C
c4
ii
i
36
0
76
0
10
62
0.
11
5
0.
08
2
31
.1
2.
53
50
0
55
5
56
8
12
9.
0
12
8.
7
1.
00
1.
03
1.
8
0.
2
12
7.
5
1.
01
SC
44
C
c5
ii
36
3
76
0
61
6
0.
11
4
0.
04
8
30
.9
2.
53
50
0
56
0
56
8
13
0.
1
11
8.
4
0.
91
0.
86
3.
0
0.
5
12
2.
5
0.
97
SC
45
C
c5
ii
i
36
0
76
0
77
3
0.
11
5
0.
06
1
30
.8
2.
53
50
0
56
0
56
8
12
9.
0
12
3.
3
0.
96
1.
05
1.
3
0.
2
12
5.
0
0.
99
a
El
em
en
ts
w
it
h
ou
t
re
in
fo
rc
em
en
t
fo
r
cr
ac
k
co
n
tr
ol
(E
PS
F
m
et
h
od
n
ot
st
ri
ct
ly
ap
pl
ic
ab
le
).
b
A
n
al
yt
ic
al
re
su
lt
s
ve
ry
se
n
si
ti
ve
to
ac
tu
al
pl
ac
in
g
of
ﬂ
ex
u
ra
l
re
in
fo
rc
em
en
t
(E
PS
F
re
su
lt
s
ca
lc
u
la
te
d
on
th
e
ba
si
s
of
n
om
in
al
ge
om
et
ry
).
206 S. Campana et al. / Engineering Structures 51 (2013) 200–210– The strength performance can be quantiﬁed by the ratio
between the bending moment at failure (MR) and the theoretical
bending strength (Mﬂex). Values of this ratio are summarised in
Table 1.
– The deformation capacity is quantiﬁed by the ratio between the
bending moments MD20 and MD0. The bending moment MD0
indicates the point where a signiﬁcant change on the stiffness
of the member is recorded (due to yielding of the ﬂexural rein-
forcement or due to failure within the nodal region). The bend-
ing moment MD20 is that still acting in the specimen after an
increasing equal to 20 mRad of the relative rotation (wrel) from
the point previously mentioned. A value of this ratio larger or
equal than one indicates thus a plastic or hardening behaviour,
whereas a value smaller than one indicates a softening or brittle
behaviour. Values of this ratio are summarised in Table 1.
– The photogrammetric measurements were used to describe the
observed crack pattern. The maximal crack width (wmax) and
the average crack width (wavg, calculated taking into account
each triangles of the grid where a crack was recorded) are sum-
marised in Table 1 and Fig. 6. The given values were recorded
when the bending moment MD0 aforementioned was acting.
These values allow estimating the extent and the localisation
of the cracking in the nodal region.
3.2. Inﬂuence of ﬂexural reinforcement layout
The behaviour of the four investigated ﬂexural reinforcement
arrangements (specimens without transverse reinforcement) is
compared in Fig. 7a. Details D1 (SC26) and B (SC34) exhibit the best
performances, whereas details type C (SC22) and D2 (SC30) show a
rather poor performance. With the addition of a straight bar across
the connection (Fig. 7b), the performance of the joints was
improved in terms of their strength and deformation capacity. This
was particularly the case for types B (SC35), D1 (SC27) and D2
(SC31), where the strength was equal, or very close to, the plastic
strength. However, detail type C (SC23) only increases its strength
in a limited manner, still exhibiting a poor performance with lim-
ited strength (MR/Mﬂex < 1) and brittle behaviour, see Table 1.
It is interesting to note the signiﬁcant improvement on the
strength of detail D2 (specimens SC30 and SC31). This detail, with-
out the additional straight ﬂexural reinforcement is rather sensi-
tive to the actual placing of the bars. However, once a secondary
ﬂexural reinforcement is arranged, the detail is less sensitive and
exhibits a strength and behaviour comparable to the other type
D (D1, specimens SC26–27) and B (SC34–35).
3.3. Inﬂuence of secondary reinforcement arrangement
After analysis of the behaviour of reinforcing details B, C, D1 and
D2, it was decided to investigate more in detail if detail type C (the
easiest to be constructed but with poor mechanical performances)
could be sufﬁciently improved with addition of secondary trans-
versal reinforcement in the nodal region. To that aim, the afore-
mentioned transversal reinforcement arrangements were tested
(8 additional specimens). The results of these tests are shown in
Fig. 7c and d. These results show that the behaviour of detail C
can be effectively improved with the addition of transversal rein-
forcement. Despite the fact that several details were investigated,
the parameter showing the most signiﬁcant inﬂuence was the total
amount of available transversal reinforcement suitably developed
rather than its actual arrangement or detailing. The amount of
transversal reinforcement is characterised by the mechanical
transversal reinforcement ratio qwnfywn/fcp, where qwn = Aswn/
(bswn) is calculated accounting for the area (Aswn) of all transversal
reinforcement suitably developed (Fig. 5d and e) and placed within
the diagonal of the nodal region (swn = d/cos(a/2), see Fig. 5c).
S. Campana et al. / Engineering Structures 51 (2013) 200–210 207As Fig. 7c and d show, specimens with qwn  fywn=fcp P 0:06
(Fig. 7d) have a satisfactory behaviour both in terms of strength
and deformation capacity, whereas values qwnfywn/fcp < 0.06
(Fig. 7c) still lead to insufﬁcient strength and brittle behaviour
(see in details Table 1 and Fig. 6). It is to be noted that increasing
the amount of transversal reinforcement above qwnfywn/fcp = 0.06
(refer to specimen SC43) leads in fact to none additional improve-
ment on the mechanical behaviour for the investigated ﬂexural
reinforcement amount.
4. Analysis of opening corners based on lower-bound solutions
of the theory of plasticity
4.1. Analysis of specimens using the Elastic–Plastic Stress Field method
(EPSF)
A suitable manner to investigate and to design regions of dis-
continuity of RC structures is by developing lower-bound solutions
of the theory of plasticity [1,28–31] such as stress ﬁelds or strut-
and-tie models. A consistent approach for automated development
of Elastic–Plastic Stress Fields (EPSFs) based on the ﬁnite element
method was presented by the authors elsewhere [30]. It allows
obtaining suitable stress ﬁelds in equilibrium with the external ac-
tions, accounting for compatibility conditions and for the inﬂuence
of transversal concrete cracking on the strength of concrete in
compression. A detailed description of the EPSF method, extensive
validation against test results and applications to practical cases
can be consulted elsewhere [30,31,39]. These studies show that
the EPSF is a reliable tool if the basic conditions for development
of a stress ﬁeld (availability of a minimum reinforcement for crack
control) are respected [30]. As an example of such accuracy, Fig. 8a
shows a comparison of EPSF results with the actual cracking pat-
tern measured in specimen SC42, showing identical measured-
to-calculated strength and failure mode.
The sixteen specimens presented in this paper were investi-
gated by means of EPSF. The results are summarised in Table 1:
– For specimens SC22 and 23, without any transverse reinforce-
ment and with poor performances (average ratio MR/
Mﬂex = 0.42), the EPSF is not strictly applicable (lack of reinforce-
ment for crack control) and provides thus safe estimates of the(a)
(c)
Fig. 7. Comparison of test results: (a) performance of ﬂexural reinforcement arrangemen
of secondary transversal reinforcement on type C layout.strength. This is justiﬁed [30] since the performance of these
details relies much on the tensile strength of concrete which
is neglected in the EPSF analyses.
– For specimens with qwnfywn/fcp < 0.06 (average ratio MR/
Mﬂex = 0.94, specimens provided with a minimal amount of
secondary reinforcement in the nodal region or with ﬂexural
reinforcement with suitably developed hooks: SC26–27,
31,34–35,38–40 and 44) the results are rather good by using
EPSF. The average value of the measured-to-predicted strength
is equal to 0.94 with a low scatter of results (Coefﬁcient of Var-
iation equal to 7%). These values do not account for test SC30
whose measured strength was signiﬁcantly low due to its sen-
sitivity to actual placing of the reinforcement (refer to crack
pattern of Fig. 6)
– For the other specimens with qwn  fywn=fcp P 0:06 (SC41–43 and
45 with average ratio MR/Mﬂex = 1.00), the transverse reinforce-
ment allowed for a very good control of cracks in the failure
region and all failed in bending. The EPSF also capture this
behaviour (average measured-to-calculated strength of 1.01
and a CoV of 2% (see for instance comparison for specimen
SC42 in Fig. 8a).
Accounting for these results, the EPSF has been used to calculate
the minimum amount of transverse reinforcement that should be
provided in nodal regions subjected to opening moments to ensure
that failure develops by yielding of the ﬂexural reinforcement. For
the tests presented in this paper, (refer to Fig. 8b, solid line) it suit-
ably predicts the limit of the required mechanical transverse rein-
forcement ratio (qwnfywn/fcp) as a function of the mechanical
ﬂexural reinforcement ratio (qfy/fcp). All points above that line
indicate that failure follows by yielding of the ﬂexural reinforce-
ment (MR/Mﬂex  1) whereas all points below that line indicate fail-
ure by concrete spalling, anchorage failure or stirrup yielding. The
same happens for other tests available in the scientiﬁc literature
[11,17] on reinforcement details type Cc or Cd (Fig. 8c–e).4.2. Design of nodal regions by means of strut-and-tie models
For design of such members, a numerical approach as the EPSF
is possible but not always convenient. For such case, strut-and-tie
models (STMs) or rigid-plastic stress ﬁelds [29] can efﬁciently be(b)
(d)
ts; (b) inﬂuence of secondary straight ﬂexural reinforcement; and (c and d) inﬂuence
(b) (c) (d) (e)
(a)
Fig. 8. Comparison between Elastic–Plastic Stress Fields results and test results: (a) for specimen SC42; (b) tests presented within this paper; (c) tests from Kordina [11]; (d
and e) tests from Mayﬁeld et al. [17].
(d)(a)
(b)
(c) (e)
Fig. 9. Strut-and-tie models for design of nodal regions subjected to opening bending moments: (a) without transversal reinforcement; (b) with transversal reinforcement;
(c) combination of previous models; (d) corresponding rigid-plastic stress ﬁeld.
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(a)
(b) (c) (d)
Fig. 10. Coefﬁcient n for design of nodal regions subjected to opening bending moments: (a) investigated reinforcement layout; (b) calculated (dotted lines) and
approximated (solid line) values of coefﬁcient n; (c–d) abaci for design of transversal reinforcement.
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basis of the previous EPSF results, focusing on design of the trans-
versal reinforcement (see Fig. 9a) of detail C (that was identiﬁed as
the easiest to be constructed in practice and showing satisfactory
performances if minimum amount of transversal reinforcement is
provided).
A suitable STM for this region can be developed by combining
two basic models. The ﬁrst (refer to Fig. 9b) requires no transver-
sal reinforcement for deviating the inner compression forces by
the bending reinforcement. Nevertheless, as experimentally ob-
served, this leads to poor performances and potentially brittle fail-
ures with crack localisation. The second (Fig. 9c) requires for
deviation of the inner forces the arrangement of a transversal
reinforcement. The forces in the tension chord (Fs) and in the
compression chord (Fc = Fs) are thus partly (nFs) deviated by the
former model and partly ((1  n)Fs) by the latter (Fig. 9b and c).
The actual behaviour of the region will thus be a combination of
both models (Fig. 9d).
The chord forces for reinforcement yielding can be calculated
as:
Fc ¼ Fs ¼ q  b  d  fy ð2Þ
The required force for the transversal reinforcement (Fw)
arranged in the nodal zone (according to Fig. 9a and c) can thus be
calculated by equilibrium conditions for the geometry of Fig. 9c as:
Fw ¼ ð1 nÞ  43  q  b  d  fy  cos
a
2
 
ð3Þ
The required amount of transversal reinforcement (qwn) can
thus be calculated by using Eq. (3) and accounting for Fw ¼
b  d2 cosða=2Þ  fywn  qwn, leading to:
qwn ¼ ð1 nÞ
8q
3
fy
fywn
cos2ða=2Þ ð4Þ
where the value of coefﬁcient n (which deﬁne the amount of total
force transferred by the ﬁrst model, Fig. 9b) depends mostly on the
detailing (development conditions) of the reinforcement and onthe cracking state of the nodal region. For low levels of cracking or
anchorage forces, ﬁrst model (Fig. 9b) becomes prevalent, whereas
the second model (Fig. 9c) becomes more active as extensive crack-
ing of larger chord forces develop. According to the experimental and
numerical (EPSF) investigations, this depends mainly on:
– The value of the angle a, inﬂuencing both the distance of the
inclined compression strut (Fig. 9b) to the tensile (cracked)
region and the angle between the struts and the ties
– The amount of mechanical ﬂexural reinforcement ratio (qfy/fcp),
determining the total amount of force to be deviated in the
nodal region
According to the design philosophy [40,41] of Model Code 2010
[38], a Levels-of-Approximation approach could be used for esti-
mate of parameter n. For preliminary design purposes (Level-of-
Approximation I) and a simple and safe estimate, coefﬁcient n
can be set as n = 0 (chord forces fully deviated by the transversal
reinforcement). For more reﬁned analyses (higher order Levels-
of-Approximation), calculation of coefﬁcient n can be performed
through EPSF analyses as a function of the angle a and the mechan-
ical reinforcement ratio qfy/fcp.
A parametric study has been performed by the authors for val-
ues of a between 90 and 140 and for values of q  fy=fcp up to 0.3.
To do so, the minimum required amount of transversal reinforce-
ment leading to failure by yielding of the ﬂexural reinforcement
(MR/Mﬂex = 1) is searched. The geometry selected for the EPSF anal-
yses is shown in Fig. 10a (accounting for inclined transversal rein-
forcement in the nodal region). The results are shown in Fig. 10b
for the EPSF calculations (dotted line) as well as an approximation
of the results by means of the following expression (solid line, ﬁt-
ted on the basis of an analysis of governing parameters, Fig. 10):
n ¼ 0:4  cos a
2
 
þ 0:02  fcp
q  fy 6 1:0 ð5Þ
This formula is to be applied for values of aP 90. By using Eq.
(3) in combination with Eq. (5) the required amount of transversal
reinforcement qwnfywn/fcp can thus be determined, see Fig. 10c and
210 S. Campana et al. / Engineering Structures 51 (2013) 200–210d. On that basis, all ﬁnal checks (size of struts, anchorage detailing)
can be easily performed for the selected geometry (refer to rigid-
plastic stress ﬁeld [29] of Fig. 9e).
5. Conclusions
This paper summarises the results of an experimental and the-
oretical investigation on the behaviour of corners of RC frame
structures subjected to opening bending moments. Its main con-
clusions are:
1. Opening corners may potentially present poor performance and
a rather brittle behaviour at failure. The behaviour and strength
of such members is highly inﬂuenced by the reinforcement lay-
out, angle of the corner, ﬂexural reinforcement ratio and trans-
versal reinforcement ratio.
2. Best mechanical performances are obtained for hooked ﬂexural
reinforcement anchorage. On the contrary, ﬂexural bent bars
anchored in the compression chords outside the nodal region
lead to poor performances.
3. Providing secondary (transversal) reinforcement, improves sig-
niﬁcantly the nodal regions performances both in terms of
strength and deformation capacity. A minimum value of the
transversal reinforcement (leading to failures by yielding of
the ﬂexural reinforcement) can be identiﬁed in these regions.
4. Design of such members can be consistently performed based
on lower-bound solutions of the theory of plasticity such as
Elastic–Plastic Stress Fields (EPSF), strut-and-tie models (STM)
or rigid-plastic stress ﬁelds. Guidelines are provided based on
a number of numerical analyses (EPSF) and analytical formulas
(based on equilibrium models as STM).
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